A promising route to manufacturing portable (sub-)picosecond fibre lasers is to use a semiconductor saturable absorber mirror (SESAM). With SESAMs, the mode-locked regime can be achieved for different values of cavity dispersion for a broad spectrum ranging from 0.8 to 1.6 µm. The fibre lasers, characterized by a high efficiency and reliability and a small footprint, are very attractive for applications traditionally occupied by solid-state lasers. The broad fluorescence spectrum makes different fibre gain media attractive for tuneable and ultra-short-pulse sources. In this paper, we discuss recent advances in ultrafast fibre lasers. We study the fundamental properties and technical challenges of mode-locked fibre lasers operating in the 0.9-1.6 µm range, and the methods to achieve high peak-powers from all-fibre devices. The key component is the SESAM, notably, a dilute nitride SESAM. The SESAM supplies a strong mechanism for picosecond pulse generation that is entirely self-starting for a wide range of cavity dispersion and ensures stability against Q-switched mode-locking. In particular, compact mode-locked lasers stabilized by near-resonant SESAMs can be realized in a short fibre cavity free from any dispersion compensator. An appropriate dispersion delay line at the output of the master source may be used for pulse clean-up. The high-quality pulses obtained can then be compressed using traditional methods, when the pulse first undergoes spectral enrichment via self-phase modulation in an auxiliary fibre and then gets compressed in a grating pair. The fibre laser is capable of efficient wavelength conversion via second harmonic generation in non-linear crystals. Using a periodically poled LiNbO 3 crystal for frequency doubling, we produce sub-100 fs pulses at 0.8 µm with a 50% conversion efficiency.
Introduction
The generation and controlling of ultra-short optical pulses are rapidly growing areas of photonics with many emerging applications [1] - [3] . This is primarily due to the fact that short optical pulses allow probing of the basic physics of light-matter interactions in the sub-picosecond regime, which in turn has opened a range of new applications from high-bit-rate optical telecommunications to material processing (cutting, welding, micro-machining) and biomedical diagnostics at frequency-doubled wavelengths.
The most widely employed ultra-fast optical sources are ion-doped mode-locked solid state lasers, notably a Ti:sapphire laser operating in the 0.75-1 µm spectral range. Ti:sapphire has a large bandwidth and superior thermal properties and can be pushed to extreme operational parameters by passive mode-locking, producing high-power pulses of full-width-at-halfmaximum (FWHM) durations down to a few femtoseconds at multi-gigahertz repetition rates [2] . On the down side, however, these bulky lasers exhibit gain media with large saturation fluence, which tends to cause Q-switching instabilities under high-power ultra-short-pulse operations. The Ti:sapphire lasers have a low operating efficiency and they cannot be directly pumped by diode lasers as yet.
Diode lasers exhibit excellent wall-plug efficiencies, and due to their low saturation fluence and short upper level life-time, they practically never exhibit Q-switching [4] . Therefore, edgeemitting diode lasers can achieve extremely high repetition rates up to a THz [5] , and their active mode-locking can yield sub-picosecond pulses [6] . An extensive review on state-of-theart mode-locked ultra-fast diode lasers is presented elsewhere in this volume [7] . The shortest pulse duration ever produced from a diode laser [7] may be as short as 20 fs, achieved with a very complex multi-stage compressor system [8] .
Of great interest are current-modulated vertical cavity surface emitting lasers (VCSELs), as well as their optically pumped external-cavity 'siblings' (VECSELs) that may be modulated externally. Their planar geometry allows for fabricating two-dimensional laser arrays at low cost [9] . Unfortunately, direct modulation is limited by parasitic circuit effects and other factors, which make it quite challenging to achieve high data rates. One of the problems is that VCSELs are low-power devices, typically producing a few mW. Another drawback is the fact that for InPbased VCSELs at wavelengths 1.3 λ 1.55 µm, no semiconductor distributed Bragg reflector (DBR) exists with a broad stop-band and 100% reflectivity. This drawback, however, can now be circumvented by the use of GaAs-based dilute nitrides, Ga x In 1−x N y As 1−y (y < 3.5%), for gain media in the range λ 1.3 µm, which allow for growth of high-contrast GaAs/AlAs DBRs. For state-of-the-art light power, we refer to an optically pumped GaInNAs/GaAs VECSEL (at 1.32 µm), which launches cw emission up to 600 mW in the fundamental TEM 00 transverse mode [10] .
Fibre lasers allow excellent thermal management and stable pulse generation. The heat generated in the pumping cycle of a fibre laser is distributed over a long length of the fibre with minimal heat-sinking requirements, which, in turn, reduces the risk of damage. The output beam quality is determined by the wave-guiding properties of a rare-earth-doped core, which can be tailored to ensure a single-spatial-mode output beam. These are just some of the features for which fibre lasers are becoming attractive for many emerging applications.
The traditional gain medium is an erbium-doped fibre (at λ ≈ 1.55 µm). It can be pumped by 0.98 or 1.48 µm telecom-grade diode lasers. Non-linear pulse compression methods can be employed in standard fibres for producing (sub-)picosecond pulses without resorting to any ultra-fast oscillator. Now alternative rare-earths, such as Nd and Yb, are also available. They have operation characteristics similar to those of Er-fibre lasers [11] . A cw tuneable and modelocked pulse operation for three-level transitions of Nd:glass has been demonstrated at short wavelengths, down to 0.91 µm, whereasYb-doped fibre lasers operate at 0.97 λ 1.15 µm. In particular, anYb-doped fibre with its broad gain bandwidth and high optical conversion efficiency, offers a nearly ideal gain medium for generating and amplifying wavelength-tuneable ultra-short pulses. The Yb-fibre laser may also be used for frequency doubling to produce λ = 0.488 µm to replace bulky and inefficient Ar + -ion lasers. In particular, cladding-pumped fibre lasers render them ideal light sources for power and brightness-scaling, with relative immunity from the thermal problems that have hindered the development of conventional solid-state lasers. Recent reports on output powers of 100-200 W produced from a single-mode Yb-fibre laser, and a 1 kW multi-mode Nd-doped fibre lasers, are impressive demonstrations of the power and brightness-scaling potentials of cladding-pumped lasers and amplifiers. Another attractive feature is the broad emission linewidth of a glass host, in contrast to crystalline hosts conventionally employed by solid-state lasers. The crystalline hosts have superior thermo-mechanical properties and larger gain efficiencies than do glass hosts, but these features are not the key requirements for fibre lasers. More important is the potential for a wide range of lasing wavelengths. Due to the high gain available (particularly with the Ybdoped amplifier), the lasers can be wavelength-tuned and dispersion-compensated via the use of relatively high-loss diffraction gratings.
The availability of a high pulse repetition rate and high peek energy is a critical issue, possessing a significant challenge to fibre lasers. The development of a non-linear semiconductor saturable absorber mirror, SESAM, used as a cavity end-reflector, helps to meet these requirements [12, 13] . The SESAM exhibits strong absorption at the peak wavelength, its insertion loss is low and featureless when the absorber is bleached, and it has a fast recovery time. The recovery time, saturation fluence (or saturation energy), and absorption loss are controllable by proper device design, epitaxial device growth, post-growth heat treatment, or ion implantation. Passively mode-locked fibre lasers equipped with SESAMs can be made very compact, using environmentally stable tuneable light sources covering a wide range of 0.9 < λ < 1.6 µm.
Our research team designs, fabricates, and uses SESAMs for passive mode-locking of lasers. Although high-power fibre lasers have become one of the most exciting fields of development in the optical technology, ultra-fast solid-state lasers have also progressed remarkably from complicated and expensive systems to low-maintenance diode-pumped sources. Actually, the first SESAM-based mode-locking was demonstrated with a solid-state laser [14] . Since then, significant progress has been made with solid-state materials, e.g. Yb:YAG, Cr:YAG, and Yb:KYW [15, 16] , and an excellent performance has been demonstrated using a thin-disc concept [17] .
Superior gain characteristics of semiconductors, pumped optically or electrically, are always attractive options for the ultra-fast technology. Semiconductor saturable absorbers have been employed in different configurations for mode-locking edge-emitting diode lasers [18, 19] . Using SESAMs in connection with VECSELs is another emerging field of research, promising a new class of ultra-fast oscillators to appear, supplying high-power and high repetition rates [20] .
Fibre lasers have suffered from large normal material dispersion of silica at λ 1.1 µm, but this problem can now be circumvented, in part, by advanced technologies. With SESAMs, they offer a very promising route to fabricating portable sub-picosecond light sources for low-cost maintenance turn-key operations for a variety of applications. In the present paper we study recent achievements made on rare-earth-doped fibre lasers, passively mode-locked with SESAMs.
Dispersion compensation in fibre lasers
Material dispersion at long wavelengths (λ > 1.3 µm) can be balanced by waveguide dispersion to attain overall anomalous dispersion, but this method is not feasible at short wavelengths. Other ways to compensate dispersion are needed. They include the use of a photonic crystal (microstructured) fibre, but high non-linearity of such a fibre tends to degrade the pulse quality [21] . Intracavity prisms or grating pairs are still the most popular devices, though bulky, employed to make total dispersion normal or anomalous, and stretched-pulse or soliton pulse regimes can be achieved [22] . Yet another technique for dispersion compensation is a Gires-Tournois mirror, which is used to generate anomalous dispersion in a compact form. Negative dispersion generated by a Gires-Tournois interferometer (GTI), or sometimes by chirped mirrors, supplies sufficient compensation for solid-state laser rods. However, fibre lasers with long cavities require more efficient dispersion compensation. In principle, increasing the finesse of the GTI would be helpful, but the sharp resonance of the GTI would reduce the bandwidth of the compensator, making this approach less useful in practice. Apparently, a fibre laser with the active medium length of 1-2 m requires an additional dispersion compensator, e.g. a grating pair, for short pulse operation.
Dyes have been used as saturable absorbers for passive mode-locking. However, the precise controlling of non-linearities and the capacity of varying the band-gap over a large spectral range make semiconductor saturable absorbers more appropriate. A properly designed SESAM ensures a self-starting character of short-pulse operation. Especially in the case of large net normal dispersion of the cavity, a large change in non-linear reflectivity ( R) of the SESAM is desired to start and sustain mode-locking, but care must be exercised not to have a too large R, which would cause Q-switching instability (section 3.1) [23] .
Dispersive near-resonant SESAMs are able to change the average cavity dispersion and force a fibre to oscillate in a soliton pulse mode-locking regime [24] . Such a GTI-type resonant SESAM with negative group-velocity-dispersion (GVD), i.e. dβ 2 /dω 2 < 0 in terms of the propagation constant β(ω), can compensate intracavity chirp and yield transform-limited pulses without any external pulse compression. Another type of SESAM providing positive GVD may also be designed for the stretched-pulse mode-locking regime without using a dispersion-compensating fibre, thus reducing non-linear effects in the laser cavity. We show that resonant SESAMs with much higher R than that allowed for non-resonant SESAMs (which are apt to Q-switching) can self-initiate cw mode-locking of large-dispersion fibre lasers. We also show that, under certain conditions, the magnitudes of non-linearity and recovery time (τ rec ) of a SESAM provide a dominant mechanism for pulse shaping.
Semiconductor saturable absorber mirrors

Theoretical considerations
Dynamics of the SESAM is complex. The pulse evolution must be treated with a modified Ginzburg-Landau equation with several non-linear non-conservative terms. Time-dependent saturable loss, δ s (t), of a passive modulator can be written as a rate equation
where R is the saturable loss of an unexcited absorber (in equilibrium), ψ the optical field intensity and E sat the absorber saturation energy. The solution of (1) is [25] 
where
Equation (2) can be simplified. For practical purposes we assume that τ rec is long compared with the pulse duration τ p , which is often the case; therefore (δ s − R)/τ rec → 0. As the pulse energy is E p ∝ ∞ −∞ |ψ| 2 dt, the approximate solution is δ s ≈ R · e −E p /E sat for a pulse p hitting an initially unsaturated absorber. The effective average loss for this pulse is
where S = E p /E sat (saturation parameter) [26] . Mirror reflectivity is then R = 1 − δ p − α 0 , where α 0 stands for unbleachable loss, and the modulation depth is R = R S→∞ − R S=0 . We can see that δ p decreases exponentially, as S increases, and is almost zero when S > 10, which is easily reached in experiments (see below). An increase in δ s , caused by increasing the number of quantum wells in the reflector, increases the amount of absorbed pulse energy as determined by the product E sat × R. There is a problem here: high E sat × R eventually leads to Q-switching instability. An estimate for the upper limit for mode-locking without Q-switching is
where E g is the saturation energy of the gain medium. Equation (4) predicts that enhancing R at fixed E sat makes stable mode-locking difficult. The stability problem created by the need of large R for self-started mode-locking may be overcome by designing a SESAM, which comprises a Fabry-Perot microcavity in resonance with the incoming pulse. The effective saturation energy (E eff sat ) of such a resonant SESAM tends to decrease under (near-)resonance conditions. E eff sat is large away from the resonance, but becomes much smaller when the lasing wavelength resonates with the microcavity. The relationship between E eff sat of a resonant SESAM and E sat of an anti-resonant SESAM, for which the saturation energy is solely determined by material absorption, is given by a coefficient η:
In (5), R top is the reflectivity of the top mirror and rt is the amount of wavelength detuning with respect to the resonance. Assuming R top ≈ 0%, one has η ≈ 1, so that R s ≈ R bottom e −4αd , where R bottom is the reflectivity (≈100%) of the bottom mirror and α(λ) is the absorption coefficient of the absorption (quantum well) region of thickness d. Hence,
Equation (6) reveals that R depends only on R s if non-saturable loss is negligible, α 0 ≈ 0. Then an increase in R for fixed R s is compensated by an equivalent decrease in E eff sat near resonance. Consequently, large R is possible, and the self-starting capability of mode-locking is strongly enhanced.
When the intracavity dispersion is negative, the laser may start to emit non-linear pulses-solitons-where the fibre non-linearity and dispersion balance each other. Soliton nonlinear pulses have a strict relation between its temporal duration and peak power (P): P × τ p ∝ D, where D is an intracavity dispersion. In practical terms, this means that the pulse parameters are fixed and determined by cavity dispersion. Therefore, the soliton fibre laser offers excellent pulse-to-pulse stability. To produce fundamental solitons, the laser needs a certain pump power level; if the pump power exceeds this level the laser begins to emit more than one pulse per round trip.
Experimental observations
A SESAM layer structure is shown in figure 1 [27] . The absorption region consists of quantum wells, which for λ 1.1 µm are made of GaInAs(P)/GaAs layers deposited onto a GaAs/AlAs DBR. For λ 1.3 µm the quantum wells can be made of GaInAs(P), too, but they must be grown on InP-based DBRs lattice-matched to an InP substrate, which is not practical. Loss in the InP-based DBR is not a problem at least for 1.55 µm because the mirror can be heavily n-type doped to yield a Burstein-Moss blue-shift of the band-gap, eliminating absorption, but the stopband remains narrow and R ≈ 100% needs a large number of λ/4n layers, which entails a lot of trouble in device growth [28] . A wafer bonding method, which integrates GaInAs(P)/InP QWs with GaAs/AlAs DBRs, is feasible but quite complex.
A novel approach is to alloy nitrogen with GaInAs to reduce the band-gap of GaInNAs/GaAs QWs on a GaAs/AlAs DBR. Such a heterostructure has a wide operating range, which can be 0.94 λ 1.55 µm (and even wider), representing a considerable spectral extension of the GaAs technology [29] . SESAMs are prepared by molecular beam epitaxy (MBE) or metal organic chemical vapour deposition. The GaInAs/GaAs QWs have quantum-confined electron-hole transitions in the range 0.9-1.1 µm. Since MBE produces the highest-quality heterostructures, GaInAs/GaAs SESAMs are almost defect-free and not very fast. To shorten τ rec , the crystal must be modified, which can be done either by ion implantation (controllably) or by layer growth at low temperature (poorly controlled). To give an example of effects of ion implantation on the dynamic properties of a SESAM, carrier lifetimes are shown in figure 2 for a layer structure containing five GaInAs/GaAs QWs at λ ≈ 1.1 µm as a function of 10 MeV Ni 3+ dose. The lifetime is reduced by a factor of 500, as the ion dose is increased from 1 × 10 10 to 50 × 10 10 ions cm −2 , enabling sub-ps pulse durations, as deduced from time-resolved photoluminescence (TRPL). Post-implantation annealing at 610
• C for 1 min improves crystal structure but increases τ rec .At shorter wavelengths, 0.94 µm, Ni 3+ irradiation (50 × 10 10 at cm −2 ) can yield τ rec , which is two orders of magnitude shorter than that of an as-grown absorber.
Dilute nitride quantum wells, GaInNAs/GaAs at λ ≈ 1 µm, behave in a very different way from what is typical of nearly defect-free GaInAs/GaAs quantum wells. Alloying nitrogen with GaInAs always creates deep levels associated with N-related point defects, the amount of which can be controlled (though not fully reproducibly) by a choice of MBE growth parameters and post-growth annealing. Numerically, with a non-implanted 5-QW GaInNAs/GaAs absorption region, τ rec can be, for example, 30 ps (prior to annealing) and 300 ps (after annealing) [30] .
As noted in section 2, a high-R resonant absorber increases the probability for self-started mode-locking. The resonant absorber can be made by coating its surface with a reflecting layer (dielectric or metallic), which increases the cavity finesse and enhances R. In the best case, R/R as high as 20% has been obtained using a resonant 1 µm GaInNAs/GaAs SESAM. The reflectivity increases and the effective saturation fluence F eff sat decreases, when approaching the resonance. For example, adjusting detuning at λ = +14 nm relative to a QW PL wavelength (λ = 1.048 µm in this experiment), R/R is 7.5% with simultaneous F eff sat = 13 µJ cm −2 , while at λ = +10 nm, R/R is 11% and F eff sat = 7.1 µJ cm −2 [29] . The corresponding E eff a × R values, 0.97 and 0.78 µJ cm −2 , are not exactly the same (see (6) ), which is probably due to enhanced α 0 of the absorber material when λ = +10 nm. Here, we have used an average output power of roughly 5 mW, corresponding to E p ≈ 113 pJ at the repetition rate of 80 MHz. Having the beam spot diameter of 3 µm at the absorber, this E p corresponds to oversaturation of the SESAM by a factor of about 100 at λ = +14 nm and a factor of 200 at λ = +10 nm. Hence, the average effective loss δ p is <1% (equation (3)).
The near-resonant SESAM generates a small amount of anomalous or normal dispersion for positive or negative detuning λ, respectively [24] . Tuneable mode-locking has indicated no significant difference in operations with anomalous or normal dispersion generated by the SESAM. Calculations confirm that this dispersion is lower than the fibre dispersion (at λ ≈ 1 µm) so that the overall normal cavity dispersion is dominated by the fibre dispersion.
Dilute nitride quantum wells open a possibility of building monolithic GaAs-based SESAMs at 1.55 µm, as well. This is an interesting new approach. The Bragg mirrors of InGaAsP/InP [31, 32] , AlAsSb/InGaAs(P) [33] , (Al)GaAsSb/Al(As)Sb [32, 34] and InAlGaAs/InAlAs [32, 35] have been attempted, but each of them has severe problems which are either related to difficulties in layer growth or to small n available. Typically, n < 0.3 so that the number of pairs of λ/4n layers needs to be large ( 40). We have found that the best way of preparing 1.55 µm InP-based DBRs is to use lattice-matched heavily doped GaInAs (yielding n ≈ 0.43) [28] . For a 1.55 µm GaInNAs/GaAs SESAM the mole fraction of N is 3-3.5%, which generates a large number of N-related point defects in the quantum wells (but even more defects are needed for ultra-fast operation). Preliminary studies imply that the TRPL decay time is around 40 ps for an as-grown sample and 3 ps upon 10-MeV Ni 3+ irradiation. An interesting observation is that the recombination rate in the TRPL of a 1.55 µm InP SESAM under the same excitation conditions as those of the GaAs SESAM is not much influenced by ion bombardment. At a huge concentration of non-equilibrium carriers (estimated to be 10 19 cm −3 after irradiation), recombination through deep traps in GaInAs/InP seems to be very quick. This is to say that the density of non-equilibrium carriers in GaInAs is determined by radiative and Auger recombination mechanisms. Since defects in GaInNAs are not saturated at the same carrier concentration, higher recombination rates must occur for GaInNAs. Therefore, it is conceivable that very-high-speed 1.55-µm GaInNAs/GaAs SESAMs can be prepared in the future when the technology is more advanced.
Passively mode-locked ultra-short-pulse fibre lasers using SESAMs as cavity end-reflectors
Yb-doped fibre lasers at 1 µm
Typical configuration of a compact Yb-doped fibre laser exploiting a SESAM (1.03 λ < 1.05 µm) is shown in figure 3(a) . A more complex system consisting of a core-pumped modelocked Yb-fibre master oscillator and a cladding-pumped Yb-fibre amplifier is sketched in figure 3 (b) (for fibre amplifiers, see [36] ). The master oscillator may contain only a few centimetres long laser fibre, which should have an angle-cleaved end to suppress intracavity reflections. The laser also consists of a wavelength-selective pump fibre combiner, a loop mirror (with R > 50%), and an output coupler (with an output coupling efficiency <10%). A spectral filter can be inserted into the fibre cavity for wavelength tuning. Figure 4 (a) shows optical spectra of mode-locked laser operating around 1.04 µm (near the SESAM cavity resonance) at a repetition rate of 80 MHz. Reflectivity is only 75% at low intensity. For large | λ| > 14 nm (positive or negative), i.e. for the anti-resonant condition, cw mode-locking was not achieved but Q-switching was observed. Figure 4 (b) shows an autocorrelation trace with Gaussian shape FWHM ≈ 11 ps. The timebandwidth product of the cw mode-locked pulses generated for small detuning from the resonant wavelength of the SESAM, shown in figure 4, typically exceeds the transform limit by a factor of 5-10.
Non-linearity of a near-resonant SESAM may become very large and, in fact, dominate the non-linearity of the wholeYb-doped fibre in the case of a short cavity with little normal dispersion. This observation has an important consequence: the pulses can be shaped by a SESAM which has slow saturable non-linearity with respect to (ultra-fast) Kerr non-linearity of the fibre [2] . The asymmetry of a pulse spectrum is typical of a medium with a slow relaxation time. The slow absorber provides significant pulse re-shaping at the leading edge of the pulse. In the spectral domain it means that this reshaping affects mostly long-wavelength (red) spectral components. Therefore, a slow SESAM causes a spectral blue-shift as a result of interplay of self-phase Nearly symmetric pulses are obtained from fast SESAMs. These devices provide the same losses for leading and trailing parts of a pulse. Replacing a slow SESAM with a fast one yields shorter pulses, the fact that further indicates the importance of non-linearity of the mirror in pulse shaping. Figure 5 compares the pulse spectra produced from a fibre laser with slow and fast absorbers. A more symmetric pulse (and a broader spectrum) is obtained for the laser with the fast SESAM.
The above analysis shows that a non-linear response of the near-resonant SESAM has a dominant effect on pulse formation and the ability of a laser to self-start cw mode-locking. This analysis is supported by calculations ( figure 6 ). The calculations give the number of cavity roundtrips required to reach steady-state cw mode-locked operation for different R and, accordingly, for different E eff sat (see equation (6)). Here, the mode-locked fibre is modelled taking into account an output coupler, a grating compressor, active and passive fibre segments, and a SESAM, and including amplification, GVD, and self-phase modulation. The propagation equation is solved by the split-step-Fourier method [37] . The simulations reveal that with large R, the laser efficiently starts mode-locking in a wide range of normal or anomalous dispersion values. With low R (<2%), reliable mode-locking can only be initiated if the total cavity dispersion is small. It is generally known that anomalous dispersion provides better conditions for self-starting modelocking, and in any case large R is required for reliable start-up. Combining reduced F eff sat near the cavity resonance with large R, (6) will not be violated, whereas at anti-resonance, high R together with high F eff sat drive the system towards Q-switching. This is readily seen by measuring the spectra at various pump powers ( figure 7 ). An increase in pump power, and consequently, in pulse peak-power P, causes a remarkable red-shift of the mode-locked spectra out of resonance (1.036 < λ < 1.042 µm) towards the wavelengths where F eff sat is higher. The mode-locked pulses also exhibit large up-shifted anti-Stokes asymmetry, in sharp contrast to the low-power case (figure 4), where the up-shift in frequency occurs.
The output pulses are highly chirped for the fibre laser with large net normal dispersion. Using a chirp-compensating grating-pair, pulse durations can be reduced. Figure 8 shows how the pulse width depends on delay line dispersion for a laser operating around 1 µm. Pulse duration as short as 6.8 ps is achieved for the delay line dispersion of −5 ps 2 , which is to be compared with 20 ps for uncompensated chirp. Positive dispersion (+0.0066 ps 2 ) of the fibre allows dispersion compensation by an intracavity prism pair. Figure 9 shows the pulse duration as a function of delay line dispersion when two prisms (SF 11) are employed to provide an adjustable negative GVD, resulting in 3-ps pulse duration.
The master source ( figure 4(a) ) produces clean transform-limited pulses, but the average power remains small, typically a few mW. To increase the average power up to tens of watts one may exploit a cladding-pumped fibre amplifier ( figure 4(b) ). For example, the fibre system with an amplifier capable of a 50-MHz repetition rate at an average output power of 50 W translates into a pulse energy of 1 µJ. High pulse peak power results in significant spectral broadening due to self-phase modulation so that the spectrum at the output of the amplifier is broader than the input spectrum from the master oscillator (Yb-fibre). An output spectrum of such a system is shown in figure 10(a) . Since the output spectrum is usually linearly chirped, temporal pulse Pulse width FWHM versus net cavity dispersion. This experiment was performed using a two-prism compensator to provide an adjustable negative GVD. The inset shows intensity autocorrelation for the shortest pulse obtained (3 ps). compression is possible, e.g. using a grating pair or a hollow-core optical fibre. Figure 10 (b) displays an autocorrelation 100-fs trace after pulse compression.
Fibre lasers at 1.55 µm
The 1.55 µm fibre lasers are normally based on erbium-doped fibres. For these lasers, the absorber mirror can be made of compressively strained dilute nitride quantum wells (with latticemismatch a/a ≈ −2% at composition Ga 64 In 36 N 3.5 As 96 , giving rise to λ ≈ 1.55 µm), grown on a GaAs/AlAs DBR. Key operational features of a multi-quantum-well GaInNAs/GaAs device are illustrated in figure 11 . A low-intensity reflectivity spectrum excited by a white light source is shown in figure 11(a) . The dip in R correlates with maximum PL intensity, which provides optical information about the quantum wells. Figure 11 (b) shows non-linear reflectivity plotted against E p . We can see that R increases with almost complete saturation of the quantum wells at 100 pJ for which R/R is 8%. The saturation fluence of the absorber can be estimated from the measured average reflectivity to correspond to E eff sat ≈ 10 pJ. For comparison, InPbased SESAMs (with seven GaInAs/InP quantum wells, ion implanted) have been studied, too. Non-linear reflectivity as a function of E p is shown in figure 12 . We can see that R < 4% at E p ≈ 500 pJ and E sat ≈ 35 pJ, both values being worse than those of GaInNAs/GaAs SESAMs at the same wavelength. It should be noted, however, that neither the GaInAs/InP SESAM, nor the GaInNAs/GaAs SESAM are closely optimized at the moment; therefore, some variations in the best performance features are expected in future developments. Total intracavity dispersion at 1.55 µm is usually anomalous. Therefore, the fibre laser operates in the soliton regime without any intracavity dispersive component. Typical output spectra of a fibre laser passively mode-locked with a GaInNAs SESAM are shown in figures 13(a) and (b) at high and low pump power levels. The low-level dispersive non-soliton side-bands can be minimized by reducing the pump power.
To compensate for environment-related polarization drifts in the laser cavity, a Faraday rotator mirror may be used ( figure 4(b) ). A linear laser cavity, used in some of our experiments, can be considered as a test bed to evaluate SESAM's ability to mode-lock in a broad spectral range. In such experiments the cavity dispersion is dominated by the fibre and thus the SESAM non-linearity can be neglected. Therefore, the fibre laser exhibits broad-band operation and is wavelength-tuneable with the aid of a band-pass filter. Figures 14(a) and (b) show backgroundfree autocorrelation traces and spectra of a laser with a dielectric band-pass filter. Without spectral filtering, the pulse width is 1.2 ps, assuming a sech 2 -shape of the generated pulses (P(t) = P 0 sech 2 (t/τ)), and is slightly broader if the filter is used; yet, temporal profiles of the pulses remain stable over the entire tuning range ( figure 14(a) ). The tuning interval over which self-starting mode-locking takes place is about 30 nm (limited by the capacity of the filter). The FWHM is 2.45 nm for the filterless case ( figure 14(b) ), and the time-bandwidth product is 0.36, which is close to the theoretical limit. One can also see in figure 14 (b) that the filter narrows the FWHM in the wavelength regime and suppresses the sidebands. Figure 14 (c) displays a stable pulse train at a fundamental frequency of the laser cavity. Without any cavity re-alignment that depends on the pump power, output power of this laser in the cw mode-locked regime can be varied from 0.03 to 0.8 mW for a threshold pump power of 30 mW.
Finally, we discuss frequency doubling. A narrow pulse width and high peak power of a fibre laser help achieve efficient wavelength conversion via frequency doubling in a non-linear crystal. An example of the frequency up-conversion is given in figure 15 , where a spectrum and autocorrelation of a frequency-doubled soliton fibre laser are shown. The laser consists of a passively mode-locked master oscillator at 1.6 µm, a core-pumped fibre amplifier, and a wavelength converter using a periodically poled LiNbO 3 crystal. A conversion efficiency up to 50% is achieved. Therefore, with the average incident power of 100 mW we can produce 50 mW at λ = 0.8 µm, and the pulse duration is shorter than 100 fs ( figure 15(b) ). This observation should encourage researchers to develop fibre lasers for the visible spectra.
As already noted, a fibre laser system can be packaged in a compact form. For example, the package of a femtosecond-regime passively mode-locked fibre laser of Fianium Ltd. (UK), equipped with a SESAM, is shown in figure 16 . This laser has a footprint of only 120 × 100 mm (narrower than the bandwidth of Yb) and higher-order dispersion factors. Therefore, we regard 100 fs as a kind of practical limit for the 1.55 µm Er-fibre lasers.
Conclusions
Recent research has revealed that a combined action of silica fibre dispersion at λ ≈ 1 and 1.55 µm and non-linearity of the semiconductor saturable absorber mirrors, SESAMs, can supply a major pulse shaping mechanism. The results obtained in this and other works suggest that the use of short fibre cavities free from dispersion-compensation schemes, particularly in the case of Yb-doped fibres, is preferred when preparing compact high-power (sub-)picosecond modelocked lasers, self-started and stabilized by SESAMs. Non-linear effects in the near-resonant SESAMs provide a mechanism for pulse generation, which is entirely self-starting for a wide range of cavity dispersion (positive or negative), and which benefits from a large non-linear contrast ( R) and reduced absorber saturation energy (E eff sat ), thus avoiding Q-switching instability. The near-resonant SESAMs are especially useful for Yb-fibre lasers, which exhibit large net normal dispersion making it difficult to self-initiate modelocking. The absorption regions of SESAMs are made of compressively strained GaInAs/GaAs or novel GaInNAs/GaAs quantum wells grown monolithically by MBE on GaAs substrates, covering the entire spectral range from 0.9 to 1.6 µm. Although, the bandwidth of the absorber using GaInNAs is large, the operation range of a SESAM is limited by the stopband of the semiconductor DBR, which can hardly be much wider than 150 nm.
We have also shown that fibre lasers may perform efficient wavelength conversion via second harmonic generation in non-linear crystals. Conversion efficiencies up to 50% have been obtained from incident 100 mW power at the wavelength of 1.6 µm to yield 50 mW at 0.8 µm with sub-100 fs pulse durations.
Finally, a compact fibre laser package with a 120 × 100 mm 2 footprint and 110 g in weight, producing 500 fs mode-locked pulses at average power of 15 mW, is presented as an example of the recent development of the fibre laser technology.
